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Introduction
Heart function studies after irradiation, using non-invasive techniques, have been performed in During radiotherapy of thoracic tumours near experimental animals, e.g. dogs [4, 5] , and rodents the heart, the whole heart or part of the heart may [6, 7] . Ex vivo methods to study function loss of be included in the radiation field. This treatment rat hearts after local heart irradiation have also may lead to functional, histopathological and biobeen described [8] [9] [10] [11] . In vivo measurement of chemical changes of the heart [ 1, 2 ] . In the early cardiac function in Sprague-Dawley rats hardly days of radiotherapy, most of the clinical data on showed a reduction in cardiac output or left venlate eÂects of thoracic irradiation were obtained tricular ejection fraction within 10 months after a from post-mortem studies. Nowadays, relevant dose of 20 Gy [6, 7 ] . Investigators who studied data on the development of cardiac abnormalities cardiac function ex vivo by using the isolated are derived from post-treatment cardiovascular working rat heart preparation [8] [9] [10] [11] , observed a examinations, including radionuclide ventriculosignificant decline of cardiac function within 2 graphy. Thus, patients entering the EORTC H7 months of treatment. and H8 lymphoma trial [ 3] are subjected to
To elucidate the apparent discrepancy between radionuclide angiography in order to evaluate left cardiac function parameters obtained in vivo and ventricular ejection fraction (LVEF) before and ex vivo, we firstly examined the time course of after completion of radiotherapy and at 1 and haemodynamic changes inflicted by local heart 5 years after treatment.
irradiation. Both in vivo (LVEF) and ex vivo parameters (stroke volume and cardiac output) for
Materials and methods
recorded by three silver electrodes located at the left fore-and hindpaws and the right side of the Animals chest. Each R-R interval was divided in 28 frames and acquisition was continued until 150 000 counts Experiments were performed using mature were acquired in the first frame. To measure heart (12-14 weeks old) female Sprague-Dawley rats rates greater than 250 beats min−1 (acceptance (obtained from IFFA/CREDO, Broekman, limit of computer system), the trigger pulse from Someren, The Netherlands) with a body weight of the ECG monitor was set to have a death time of about 250 g. During follow-up the animals were 300 ms. Therefore, in the period between two trighoused two to a cage at a 12 h light and dark ger pulses, one to two sequential cardiac cycles are cycle and were fed with standard laboratory chow recorded in one series of 28 frames. The pre-set and water ad libitum. For local irradiation, animals number of counts was reached after about 20 min. were anaesthetized with Ketamine (intramuscular In this period approximately 3600 trigger pulses (im), 40 mg kg−1 body weight; Aesculaap, Boxtel, were recorded, leading to an acquisition of maxiThe Netherlands) and Rompun (subcutaneous (sc), 1.6 mg kg−1 body weight; Bayer, Leverkusen, mally 7200 heart cycles. Germany). Control animals were also anaesthetAnalysis of recordings with two cycles in one ized. Experiments were performed under authorseries of 28 frames showed that these two cycles ization of the Institutional Animal Welfare were similar in shape. Thus, irregularities in heart Committee according to national regulations.
rhythm during the measurements can be ruled out. When a significant portion of the acquired cycles would have come from irregular heart beats, then
Irradiation technique
the second half of the volume curve would have Details of the irradiation technique have been shown a gross deformation due to fall-oÂ. Since described earlier [11 ] . Briefly, irradiation was perthis was not seen in our study, it was concluded formed with a Philips RT250 X-ray generator that single cycles were not superimposed on (Eindhoven, The Netherlands) operated at 250 kV double cycles. and 15 mA. X-rays were filtered with a 0.4 mm
The left ventricle was outlined using a semiThoraeus filter resulting in a half-valve layer automatic edge detection program. The resulting (HVL ) of 2.5 mm copper. Focus-to-heart distance regions of interest (ROI) over the left ventricle in was 25 cm and the dose rate was 1.95 Gy min−1.
each frame of the cardiac cycle (variable ROI) were The rats were individually irradiated using parallel used to construct a time versus activity curve for opposed fields (anteroposterior 151 ). During the summed cardiac cycles. This curve was corirradiation the thorax of the rat was shielded with rected for background activity. In such a curve the two 4 mm thick lead plates with holes (diameter maximum represents the number of counts in the 1.9 cm) located precisely over the heart. end-diastolic phase (EDC) and the minimum represents the number of counts at end-systole (ESC).
Radionuclide ventriculography
LVEF was calculated by the equation
At diÂerent time points after irradiation, LVEF LVEF= EDC−ESC EDC ×100% (1) was determined in vivo using the multiple gated acquisition method. Animals were anaesthetized with Ketamine (40 mg kg−1, im) and Rompun Isolated working rat heart preparation (1.6 mg kg−1, sc). Red blood cells were labelled in vivo with technetium-99m (99Tcm). To this purpose, 4 days after radionuclide ventriculography, the heart was excised, arrested in ice-cold (0°C) perstannous pyrophosphate (50 mg in a volume of 0.1 ml ) was injected into the left femoral vein. fusion buÂer. It was then mounted on the aortic cannula of the perfusion apparatus as described 10 min later 100 MBq 99Tcm-pertechnetate in a bolus of 0.1 ml was injected into the right femoral earlier [ 11] . First, the heart was perfused retrogradely with a modified Krebs-Henseleit bicarbonvein. After equilibration of the tracer over the vascular space (approximately 5 min), the animals ate buÂer [11, 12 ] at 37°C with a hydrostatic pressure of 9.0 kPa. During this period the left were fixed in a supine position on a Perspex jig and positioned under the gamma camera (Toshiba, atrium was cannulated for perfusion in the working mode. After 10 min of retrograde aortic perfusion, GCA-40A; Tokyo, Japan) equipped with a pinhole collimator. The collimator was positioned close to the heart was set to the working mode. Peak systolic pressure, perfusate temperature and heart the animal so that the heart was magnified maximally and anterior views were obtained. Images of rate were recorded. Aortic flow rate (AF) and coronary flow rate (CF) were measured by timed the electrocardiogram (ECG) gated acquisition were stored in a dedicated computer system (MDScollection. Cardiac performance was tested by varying left atrial filling pressure (LAFP= A2 , Medical Data Systems, Ann-Arbor, MI, USA) in a 128×128 matrix. The ECG signal was 0-2.5 kPa) while keeping the aortic pressure at a fixed level (9.0 kPa). Impairment of contractile function of the myocardium due to irradiation is associated with a downward shift of the FrankStarling (F-S) curve [ 11] . To compare the diÂerent F-S curves, the integral of the whole F-S curve was calculated between LAFP values of 0.5 and 2.5 kPa. Ex vivo heart function was expressed both as cardiac output (CO=AF+CF; ml min−1) and as stroke volume per gram of myocardial tissue (SV; ml g−1 ww). The latter parameter is derived from the CO and is corrected for radiation-and age-induced diÂerences in heart rate (HR; beats min−1) and heart weight (HW). Stroke volume is calculated by the following equation
Data analysis
The data presented in text and figures are expressed as mean±SEM. Statistical diÂerences between groups were calculated with the Student's t-test, using SPSS WIN 6.1 (SPSS Ltd, Chicago, IL, USA). A p-value ∏0.05 was considered to be statistically significant. Correlations were tested by linear regression analysis using the least squares method.
Results
Up to 14 months post-treatment, local heart irradiation with a dose of 20 Gy did not lead to cardiac failure or cardiac-related death. These animals did not show any sign of congestive heart failure. DiÂerences in body weights and organ weights between irradiated and control animals were not evident up to 8 months post-treatment. Between 8 and 12 months post-treatment, irradiated animals showed a slightly impaired growth rate resulting in slightly lower measured body weights (449 g versus 500 g) and heart weights (1.56 g versus 1.69 g). No significant diÂerences between weights of liver (13.5 g versus 15.8 g) and lung (2.23 g versus 1.85 g ) were observed, compared with control rats. From 14 months onwards, irradiated animals began to die. At 16 months, four out of 10 animals had died as a result of 20 Gy. During this period the surviving irradiated animals gained weight (BW increased from 449 g to 481 g ), whereas the control animals lost weight in vivo and ex vivo parameters measured in this found 12 months post-irradiation ( p<0.01). Heart study. Only at 16 months, could a positive relation function parameters measured ex vivo in the same between both parameters be found. However, at animals, using the isolated working rat heart prepthis time point LVEFs of irradiated animals were aration, demonstrated a diÂerent time course of also depressed. The lack of correlation between the changes after irradiation (Figures 1b and c) . After in vivo and ex vivo measurements of cardiac funcirradiation, heart function steadily decreased with tion during the first 12 months post-treatment increasing time interval between treatment and might be explained by the involvement of comevaluation. At 12 months, the reduction in cardiac pensatory mechanisms being operative in vivo to output was significant ( p<0.05). The decrease of maintain suÃcient cardiac output. Apparently, as stroke volume per gram of heart tissue was already long as the heart is adequately compensated, the significant ( p<0.04) at 4 months post-treatment.
LVEF does not reflect the true contractile status It is evident that after irradiation, cardiac performof the heart, whereas ex vivo parameters do reflect ance measured ex vivo deteriorated more rapidly the true contractile status of the heart. When the than cardiac performance measure in vivo (Figures heart is not adequately compensated, as can be 1a, b and c).
observed at very long time intervals (16 months), During in vivo cardiac performance measure-LVEF finally drops. ments, the average heart rate of animals treated up
The present findings on rapid impairment of to 16 months prior to evaluation was 359±14 beats cardiac function measured ex vivo, using the isomin−1. Non-treated age-matched control animals lated working rat heart preparation, confirm studpresented a heart rate of 377±12 beats min−1. No ies previously published by our group [11 ] and influence of time interval (between treatment and several other institutes [8] [9] [10] . In a previous study, evaluation) on heart rate was observed.
using the same rat strain, irradiation caused an The relation between in vivo and ex vivo data early and dose dependent decrease of ex vivo heart on heart function obtained from measurements per function. Benderitter et al [ 8] , using male Wistar individual animal was also studied. When tested rats, already observed a significant reduction (18%) at 16 months, regression analysis of the pooled of the ex vivo cardiac output at 1 month after data, obtained from irradiated and non-irradiated cardiac irradiation with a dose of 20 Gy and a age-matched control animals was performed. This further decrease thereafter. An even more promirevealed a significant relation (LVEF versus CO; nent decrease of ex vivo heart function was p=0.001; LVEF versus SV/g HW, p=0.002 ) observed by Cilliers et al [9 ] , who used the same between LVEF and cardiac parameters measured rat strain. After a dose of 20 Gy on the thorax, ex vivo. However, when tested per treatment group, they observed that the cardiac output fell by 50% the earlier observed correlation was lost. Moreover, in the first 2 months. Thereafter, cardiac function at all other time points tested (0, 4, 8 and 12 recovered almost completely. In these latter studies months), no significant relation between in vivo a direct relation between ultrastructural and bioand ex vivo parameters could be found, neither chemical changes in the heart and cardiac function within the diÂerent treatment groups nor in the were reported [8] [9] [10] . age-matched control groups.
The observation that LVEF hardly changed during a 12-month follow-up period is in agreeDiscussion ment with data reported by Schultz-Hector et al [6 ] . These authors studied irradiated SpragueThe results of this study demonstrate that local Dawley rats (20 Gy to the heart ) and did not heart irradiation with a dose of 20 Gy leads to a observe any change in LVEF or cardiac output decrease in cardiac performance. However, the during the follow-up period of a year. However, time course of haemodynamic changes after Wistar rats developed a decrease in LVEF by 20% irradiation diÂers depending on whether cardiac at 80 days post-irradiation and the LVEF remained function was assessed from in vivo parameters or at this subnormal level until clinical heart failure from ex vivo parameters. After a dose of 20 Gy, set in. In another study, using Sprague-Dawley cardiac function measured ex vivo, using the rats, Yeung and Hopewell [7 ] found that a single isolated working rat heart preparation, deteriodose of 20 Gy did not cause a change in relative rated more rapidly than the in vivo measured LVEF using radionuclide ventriculography. Up to cardiac output in vivo up to 8 months post-treatment. As observed in our study, a sharp drop are responsible for a poor delineation of the region of the left ventricle on the end-systolic regions in in cardiac output was observed after a long time interval (>10 months). more than half of the examinations. To improve the accuracy of the data (in particular, outline of There is increasing evidence that cardiac damage may develop before clinical symptoms become left ventricle during the end-systolic phase), a fixed region of interest over the end-diastolic frame was apparent. Histopathological studies of irradiated rat hearts reveal areas with endothelial enzyme used to generate new time-activity curves based on the original images. This method enabled us to loss, which started at 28 days after a dose of 20 Gy. This was followed by myocardial degeneration at draw an acceptable ROI on the end-diastolic frame in all measurements. When we applied this method, around 70 days [13] . At 6 months after a single dose of 20 Gy and later, interstitial fibrosis was we obtained reliable and reproducible LVEF values in all measurements. It is known, however, that a observed associated with increased expression of TGF-b in the subendocardial layers of the left fixed ROI underestimates the LVEF [ 20] . This is illustrated in Figure 2 in which the mean ventricle [ 14] . Moreover, a depression of myocardial energy metabolism is already evident at 2 LVEF fixed ROI calculated for control animals ranged between 45 and 55%. The mean LVEF variable ROI months after this radiation dose [15 ] . Several biochemical studies on the adrenergic system of varied between 66 and 75%. Calculation of the LVEF, using a fixed ROI instead of a variable the heart after irradiation indicate involvement of this system in ''cardiac'' compensation [6, 16, 17] .
ROI, did not lead to a revision of the data. The LVEF fixed ROI followed the same pattern of haemoThe increase in cardiac adrenergic receptor density ( both a and b-receptors) and the decrease of myodynamic changes after irradiation as described for the LVEF variable ROI (Figure 2 ). Using either cardial norepinephrine (NE) concentration following 20 Gy reflect an increased sympathetic method, only at 16 months post-irradiation was a significant reduction of the ejection fraction stimulation. Moreover, Persons et al [18] showed an increase of plasma atrial natriuretic peptide observed ( p<0.04). Using this latter method, no further gain (discrimination between irradiated and (ANP) concentration and ventricular ANP concentration and a decrease of atrial ANP concentration, non-irradiated hearts) could be reached. Evaluation of in vivo cardiac function using radioafter irradiation of the heart with 20 Gy. Circulating ANP is known to be involved in the nuclide assays has been performed after radiotherapy in several patient studies [1, 2, [21] [22] [23] [24] [25] . In maintenance of suÃcient cardiac function as this peptide increases the excretion of sodium and the evaluation of left ventricular function diÂerent results have been reported. Several authors reported water by the kidneys. Hence, it restores the fluid balance, especially during heart failure [19 ] . These a high incidence of myocardial dysfunction in patients who had no evidence of cardiac disease at findings on the involvement of the sympathetic system and ANP after radiotherapy of the heart the time of evaluation, whereas others were unable to detect any change in left ventricular function and the absence of symptoms such as increased liver and lung weights and pleural fluid, suggest after radiotherapy. A review of the literature that the hearts of the surviving animals are still adequately compensated up to 12 months posttreatment. Thereafter symptoms of clinical heart failure will become evident.
The observation that the diÂerences in LVEF between irradiated animals and age-matched control animals were not significant, up to 12 months post-treatment, might be due to limitations of the various techniques used to detect cardiac disease in a ''compensated'' heart [6, 7, present paper] . It is common practice in clinical cardiac imaging to acquire the images in a left anterior oblique view so that a good separation between the right and left ventricle is realized. In small animals like rats this is diÃcult to accomplish since a pinhole collimator is necessary to obtain images that are ventricles, and (ii) a small image of the left ventricle,
